The use of soluble, "inert" gases to measure cardiac output dates from 1910 when Bornstein (1) used nitrogen as the test gas. He stated the principle that, if a gas does not react chemically with blood, its rate of absorption is proportional to the quantity of blood flowing through the pulmonary capillary bed. If the solubility coefficient of the gas in blood and the difference between the partial pressures of the gas in alveolar air and in pulmonary arterial blood are known, and if equilibrium of gas tensions across the alveolarcapillary membranes is assumed, the pulmonary capillary blood flow may be calculated.
Krogh and Lindhard (2) improved on Bornstein's method by using nitrous oxide, a much more soluble gas. There followed a series of modifications of gas methods for measuring cardiac output (3) (4) (5) , but the introduction of the direct Fick technique and the increasing use of methods based on the Stewart-Hamilton indicator dilution principle led to their disuse.
Lee and DuBois (6) used a body plethysmograph (7) to measure the instantaneous rate of absorption of nitrous oxide from the lungs in man. This ingenious method has many advantages over the direct Fick and indicator dilution methods because it permits the calculation of instantaneous pulmonary capillary blood flow at frequent intervals without the introduction of needles or catheters into the cardiovascular system. Their method requires of the subject only that he sit in an airtight chamber about the size of a phone booth, take one deep breath of nitrous oxide and then hold his breath at his resting lung volume. As the nitrous oxide molecules leave the gaseous phase and dissolve in the pulmonary capillary blood, the pressure in the closed chamber decreases and the change, measured by a sensitive manometer, can be converted into milliliters of nitrous oxide absorbed. Unfortunately, the Lee-DuBois method has limitations because the requirement of the rigid, upright box prevents the easy use of the method in varied locations such as the operating room, recovery room, or cardiac catheterization laboratory. Further, it cannot be used during change of posture or during any but very light exercise, both because of space limitation and because the output of heat and water vapor into the closed box produces a pressure change which overwhelms the smaller changes due to nitrous oxide absorption.
This paper reports a modification of the method of Lee and DuBois in which the body plethysmograph is not used, thus eliminating many of the disadvantages described above and extending the usefulness of the nitrous oxide method for measuring pulmonary capillary blood flow both for physiological and clinical studies.
METHOD
In the Lee-DuBois method, a sensitive gauge measures the decrease in gas pressure in an airtight chamber as NO molecules leave the alveolar gas and dissolve in the pulmonary capillary blood. In our system, we have replaced the rigid body plethysmograph with the subject's own thorax ( Figure 1 ). As molecules of N20 leave the alveoli and dissolve in the pulmonary capillary blood, alveolar gas pressure decreases and draws gas into the alveoli from the airway-spirometer system; the actual change in alveolar gas pressure is insignificant because of the low impedance of this system. The change in spirometer volume measures directly the exchange of gas molecules between alveoli and blood when the thoracic volume remains constant. An important requirement of the method is therefore that the subject hold his breath at constant thoracic volume so that change in spirometer gas volume is equal to the net change in alveolar gas exchange. In order to monitor continuously any movement of the chest or abdomen we place two corrugated rubber tubing pneumographs around the chest and upper abdomen of the subject (Figure 1 ). These are connected to one Statham P23 strain gauge. This system can detect a 1.0-ml change in lung (and thoracic) volume.
The subject breathes through a four-way stopcock' with a 1-inch inner diameter ( Figure 1 ). Depending on the position of the stopcock opening, the subject breathes either: (A) air from the room, (B) 80 per cent N20-20 per cent 02 from a bag, (C) into an outlet tube arranged for sampling expired alveolar gas for analysis of N20 concentration, or (D) from a Krogh spirometer.2 The procedure is as follows: the subject breathes out to residual volume, inspires air deeply, then exhales to his resting expiratory level (FRC) through outlet A and holds his breath for 15 to 20 seconds; at the beginning of the breath-holding period the stopcock is turned to outlet D so that the spirometer can record the volume of gas movement in and out of the subject's lungs. This record serves as a control. One to 2 minutes later, the subj ect repeats the same maneuver except that he inhales the 80 per cent N20-20 per cent 02 gas mixture from outlet B. The stopcock is turned to outlet C when he exhales to the resting lung volume so that the end-tidal alveolar N20 concentration can be measured, and then to outlet D during the 15 to 20 second breath-holding period. After the breath-holding period, the stopcock is again turned to outlet C and the subject exhales to resid- Expired gas is drawn through the N20 analyzer8 at a rate of 250 ml per minute by a pump. The sensitivity of the meter is set so that 0 to 100 per cent N20 represents 10 cm on the photographic record. 4 The concentration of N20 in alveolar gas is usually between 35 and 50 per cent and can be estimated to within 1 per cent. In studies on expired gas containing N20, the meter readings were the same whether the gas entered the analyzer fully saturated or after passage through a drying agent; presumably, water vapor in the expired gas results in an increase in meter reading proportional to the dilution by water vapor. This phenomenon has been described for the CO2 infrared gas analyzer (8) . Carbon dioxide, in concentrations usually found in expired gas, had no detectable effect on the meter readings at the sensitivity used in the present study. The volume of nitrous oxide absorbed at any instant can be determined by subtracting the change in spirometer volume at comparable times during breath-holding after inhalation of air and after inhalation of the nitrous oxide-oxygen gas mixture. A continuous record of change in spirometer volume is obtained by attaching a Honeywell microsyn angular position indicator transducer at the fulcrum of the spirometer. The calibration of this instrument is linear; we use a sensitivity of 6.25 ml per cm for low blood flows and 12.5 ml per cm for high blood flows. The frequency response of the instrument is 15 cps (cycles per second) with a constant amplitude to 10 cps. Figure 2a shows the changes in spirometer and thoracic volume (pneumograph pressure) and the electrocardiogram during a control period of breath-holding. Both the pneumograph and spirometer tracing show pulsations synchronous with the heart beat, but the thoracic volume remains almost constant from beat to beat at comparable points in the heart cycle. We analyze the spirometer volume change only at those times when the thoracic volume changes less than 1.0 ml between successive heart beats. Figure 2b shows the results of the same procedure repeated 1 to 2 minutes later using the nitrous oxideoxygen gas mixture. The thoracic volume again remains constant but the spirometric tracing shows a rapid decrease in volume, again with superimposed fluctuations synchronous with the heart beat.
The alveolar nitrous oxide concentration (FAN2O) at any instant during breath-holding is estimated from a semilogarithmic plot constructed from the concentrations of N20 measured at the beginning and end of breathholding ( Figure 2b) ; the decrease in alveolar N20 has been shown to be exponential (9) . (The rate of change in alveolar nitrous oxide concentration during the breathholding period is of such small magnitude, however, that an arithmetic plot can be used for calculating cardiac output in resting man.) To minimize the possibility 3 Beckman Instruments, Palo Alto, Calif. that the plateau concentrations do not reflect the patient's true alveolar N20, only patients with normal inspired gas distribution were studied.
Calculations. Pulmonary capillary blood flow is calculated, using the Bornstein modification (1) of the Fick principle, assuming that there is no significant recirculation (no nitrous oxide in the pulmonary arterial blood) and that the PN20 5 in the blood leaving any pulmonary capillary is the same as that in the corresponding alveolus at any instant in time. The formula used is:
where Qc = pulmonary capillary blood flow per minute, VN20 = the volume of nitrous oxide absorbed per heart beat, f = heart rate per minute, and FAN2O=the nitrous oxide concentrations in alveolar gas expressed as the fraction of 1 standard atmosphere (760 mm Hg). We multiply the N20 meter readings by 0.925 to correct for the dry gas concentrations recorded and the 750 mm Hg ambient pressure of our laboratory. Also, [a] N20370 = solubility coefficient of nitrous oxide in blood at 370 C and 1 standard atmosphere pressure = 0.47 ml nitrous oxide per ml blood (10) .
Nitrous oxide uptake per beat (VN20) is measured as the algebraic difference between the control and experimental slopes of the spirometer tracings for the period of the heart beat. VN20 so determined is multiplied by a factor of 1.14 before it is substituted into the above equa-5 P = tension of the subscript gas.
tion for blood flow. This factor includes the following three corrections.
1. A volume of nitrogen approximately equal to 3 per cent of the N20 uptake will diffuse from the blood into the alveoli. This is the result of the PN2 gradient of 250 to 350 mm Hg created by taking the breath of the nitrous oxide-oxygen gas mixture. This volume is predictable from the ratio of solubility coefficients of the two gases and must be added to the measured volume of nitrous oxide absorbed.
2. Since the gas in the spirometer is at room temperature (22 ± 10 C), the volume must be increased by about 5 per cent to correct it to 370 C. However, the gas in the spirometer is saturated at room temperature. When the spirometer volume decreases, a volume of water vapor equal to 2 per cent of the volume change condenses. Therefore, the net temperature and water vapor correction is 3 per cent. This is a volume which must be added to the measured volume.
3. Nitrous oxide leaves the pulmonary parenchyma and enters the alveoli or blood as the alveolar nitrous oxide concentration decreases. Based on a nonvascular pulmonary parenchymal volume of 500 ml, as estimated by Cander and Forster (9) , and a fall of 0.5 per cent in FAN20 per second when the VN20 is 15 ml per second, this correction is 8 per cent of VN20. This factor will not change with changing blood flow since concentration changes parallel volume changes, the proportion remaining constant. This volume also must be added to the volume change. ' A critical point in the calculation is that the control and experimental slopes must be measured at the same time interval after the deep breath. Figure 2a shows that during breath-holding after inhalation of air the spirometer volume initially increases. The slope is therefore positive, but it becomes zero between 10 and 15 seconds and then becomes negative. We believe that these changes in slope are caused by a changing respiratory gas exchange ratio (R) during breath-holding at the resting lung volume. The initial deep inspiration lowers alveolar Pco2 and causes a steep blood to gas Pco, gradient and an initial rapid influx of CO2 into alveolar gas. This results in greater CO2 output than 02 intake and a gain in spirometer volume. When the alveolar Pco2 becomes equal to the mixed venous Pco2 (at approximately 15 seconds), the slope becomes negative and then reflects the rate of 02 absorption.
The initial steep positive slope can be reduced by hyperventilating prior to the deep breath and can be eliminated completely by taking a deep breath of 8 per cent CO2 in air instead of air just prior to breath-holding.
The slope is not caused by changes in PH2O or in temperature of the gas in the Krogh spirometer because closure of the glottis eliminates the slope (Figure 3) . Furthermore, a gradually changing central blood volume cannot contribute significantly to it because posture has no effect on the pattern. Finally, the negative slope can be accounted for quantitatively by the rate of 02 consumption at that time.
To determine the variability of the control slope, the maneuver was repeated six times at 2-minute intervals in Subject K.W. (Figure 4 ). The general pattern was the same for each test, but the values calculated during 0 to 10 seconds were more variable and larger than those calculated from points on the slopes after 10 seconds. Because recirculation may occur in significant amounts after 15 seconds, we have selected the period between 10 and 15 seconds after the beginning of breath-holding as the ideal time for analysis. It would be possible to calculate blood flow from the records as early as 8 seconds in those subj ects whose initial positive slope is not steep (Figure 4 , Subject J.H.).
The control slopes are much more complicated when the body plethysmograph is used (6, 11) because of change in temperature and condensation of water vapor on the wall of the chamber; these factors may be so large that the change in R described above may be completely masked. The magnitude of all three of these variables (temperature, water vapor, gas exchange ratio) depends on the length of time the subject is in the plethysmograph. The length of time between the control and experimental breath-holding periods is critical in plethysmographic measurements because the control pattern changes with time in contrast to the reproducible control pattern obtained by our method.
Criticism of method
Training of subjects. The method requires breath-holding at constant volume for the time corresponding to 2 successive heart beats. We were successful in training 22 (16 staff and 6 patients) of the 35 subjects (21 staff and 14 patients) studied. Closure of the glottis accounted for 10 of the 13 failures and inability to maintain a constant thoracic volume was responsible for 3 failures. A subject who can relax to his resting lung volume (FRC) after the deep inhalation usually performs satisfactorily. A subject who exhales to a lung volume greater or less than FRC frequently closes his glottis or slowly breathes in or out to FRC during the breath-holding period. The high percentage of failures in patients may be due to the fact that 10 of the 14 had heart disease and some of them were in mild failure.
Patients excluded from the study. Pulmonary capillary blood flow cannot be estimated accurately by this method in subjects who have left-to-right shunts because of the early recirculation of blood containing N20 through the defect.
Patients with irregular cardiac rhythms (e.g., atrial fibrillation) cannot be used as subjects because the variable stroke volume during successive beats causes a variable displacement of the thorax and an inconstant pneumograph baseline.
In patients with non-uniform distribution of inspired gas, the assumption that the N20 concentration is the same in all alveoli may be erroneous.
We use the single breath oxygen test of Comroe and Fowler (12) to detect maldistribution of inspired gas and do not study patients with uneven ventilation.
Recirculation. In two adults without shunts, the pulmonary arterial blood contained less than 2 per cent of the concentration of N20 in brachial arterial blood 15 seconds after the breath of 80 per cent N20. Sanders and Morrow (13) studied this problem more extensively in patients with and without intracardiac shunts and found similar small values at these early times in the latter group of patients.
Effect of nitrous oxide and the breathing procedure on cardiac output. There is an immediate effect of the breathing procedure itself on heart rate, but the cardiac frequency after 5 seconds of breath-holding is constant and similar to that during quiet breathing prior to the breathing maneuver. There was no significant difference in the heart rates of our subjects during the breathholding period after they inhaled air or the nitrous oxide gas mixture. Measurements of right ventricular output performed for us by Guz, Hoffman, Weirich and Spotts (14) the period of our measurements (8 to 15 seconds from the start of exhalation to FRC). Sensations after inhalation of nitrous oxide. Most subjects can taste the gas and have a sensation of lightheadedness, accentuation of auditory stimuli, and mild numbness by the time the breathholding is complete, or after the first several breaths of air after breath-holding. After the subject had had several trials, the intensity of these sensations decreased.
Damping of the measured pulsatile blood flow by gas compression and movement of the lung and thoracic cage. To determine the extent to which the events taking place in the alveoli would be reflected at the mouth, an electrical analog was constructed using the values suggested by Clements. Sharp, Johnson and Elam (15) and by DuBois, Brody, Lewis and Burgess (16) for airway, pulmonary, and chest wall compliance, resistance and inertance, and alveolar gas compliance. Figure 5 shows the percentage of the input flow-amplitude that would be detected at the mouth at oscillation frequencies up to 30 cps. At 10 cps, 85 per cent of the instantaneous flow pattern would be detected at the mouth with only a 4 msec phase lag. Further evidence that the chest wall and lungs do not markedly damp the record of pulsatile pulmonary capillary blood flow is that the cardiac oscillations in the pneumograph record are the same whether subjects perform breath-holding with nitrous oxide or air ( Figure  2 ). However, when the glottis is closed, even the smaller rates of gas displacement created by the beating heart (approximately 7 ml per beat) cause larger cardiac oscillations in the pneumograph tracing (Figure 3) . RESULTS 1. Values in resting subjects. Table I summarizes the cardiac and stroke indices of 16 normal subjects and 6 patients, who were 1 hour or more postprandial, and had been resting for 15 minutes or more in the sitting or recumbent position. The values for healthy subjects are similar to those determined by the direct Fick method (17).
2. Reproducibility. We measured two or three stroke volumes in 18 experiments during a single breath-holding period and plotted these values against their mean ( Figure 6 ). We assumed that the biological variation would be least during one breath-holding period and therefore the variation from this analysis would represent primarily the error of the method. The coefficient of variation of these data was ± 7 per cent; only low stroke volumes fell outside of the ± 10 per cent range. This variation includes the error of: 1 ) estimating constant lung volume, 2) measuring the volume of gas absorbed from the spirometer at the time of constant lung volume, and 3) estimating the air correction. The accuracy of the estimation of alveolar nitrous oxide concentration at different times is subject to little error (see Methods section).
3. Accuracy of the method (Figure 7 ). Pulmonary capillary blood flow was determined by the nitrous oxide method in supine subjects simultaneously with, or within 1 minute after, the measurement of cardiac output by dye dilution (18) using indocyanine green (19) . The dye was injected into an antecubital vein and brachial (Figure 8 , dotted line) was obtained every 0.04 second by subtracting the volume during the breathholding period with N2O (solid line) from the volume during the breath-holding period with air (dashed line). The net rate of N)O absorption is not constant. There are consistent flat areas during the first 0.1 to 0.2 second after the QRS complex, followed by a rapid rate of N2O absorption, and then a reduced rate. Differentiating the rate of uptake of N)O every 0.08 second shows that N)O absorption is practically absent during early systole and reaches a maximum at the end of the T wave. These findings are similar in timing and magnitude to the pulsatile pulmonary capillary blood flow described by Lee and DuBois (6) . In many cases the pulsatile nature of the pulmonary capillary blood flow is apparent from the record; for example, in the erect posture of experiment 90 the "air" and "N)O" tracings were parallel (no gas absorption) for a relatively long period.
More recently, we have modified our method for determining the instantaneous rate of nitrous oxide absorption by adding a constant upward electrical drift to our spirometer signal so that the nitrous oxide and air slopes become about the same (Figure 9 ). This facilitates the subtraction and makes pulsatile uptake of nitrous oxide in normal subjects apparent merely by observing the difference in area of the cardiogenic pulse in the air and N)O tracings. If the uptake of nitrous oxide were nonpulsatile, the areas of the cardiogenic oscillations would be the same on both records and the drift rate would represent the rate of N2) absorption. Since the pulsatile N)O absorption is out of phase with the cardiogenic oscillation, the area of the cardiogenic oscillation is less in the N.,O than in the control (air) record. DISCUSSION These results show that it is possible to obtain accurate and reproducible measurements of instantaneous pulmonary capillary blood flow without the use of the body plethysmograph, if one uses sensitive chest and abdominal pneumographs 408 .Li to monitor trunk movement and a sensitive spiromieter to record the uptake of nitrous oxide. This extends the use of the N20 method; e.g., to patients undergoing cardiac catheterization, or to anesthetized patients in whom ventilation is controlled. Because the method involves no discomfort and can be repeated after only a few minutes, it is particularly useful for physiological studies. Although the method is difficult to use during the usual types of exercise because of body movements, we have used it within 15 seconds after the cessation of mild exercise.
Using this independent method, we have confirmed the observation of Lee and DuBois that N2O uptake and therefore pulmonary capillary blood flow are pulsatile. However, Rigatto and Fishman (11) believe that the body plethysmograph cannot detect the pulsatile absorption of N.,O from the lungs because the amplitude of the cardiogenic oscillations after a breath of N20 is not consistently larger than that after a breath of air. We believe that Rigatto and Fishman's findings may have resulted from closure of the glottis in some of their subjects. Our experience with the body plethysmograph indicates that the cardiogenic oscillations of a subject during breath-holding are significantly increased when his glottis is closed. This will obscure the changes from pulsatile absorption of N,0. Even a well trained subject may not know when he closes his glottis. It is essential, when studying instantaneous pulmonary capillary blood flow in the body plethysmograph, that the subject hold his breath with his mouthpiece attached to a pneumotachograph to record cardiogenic gas flow and so be sure that the glottis is completely open during the study. Another possible reason for the differences observed by the two groups is that Rigatto and Fishman's subjects held their breath near the inspiratory capacity, a difficult feat with the glottis open; our subjects and those of Lee and DuBois held their breath at FRC. Blood flow was pulsatile in all of our normal subjects. Pulmonary capillary blood flow may be nonpulsatile in certain disorders of the pulmonary circulation; one of our patients with heart disease did have nonpulsatile flow.
An analysis of the cardiogenic oscillations in the Krogh spirometer and the pneumograph indicates that the displacement of air out of the lungs and the movement of the thoracic cage are in opposite directions; i.e., when air moves into the lungs the chest wall and diaphragm move in, and when air moves out of the lungs the chest and diaphragm move out. Furthermore, when the impedance to air flow out of the lungs is increased by closing the glottis, the cardiogenic oscillations in the pneumograph increase in size (Figure 3) . When the impedance of the diaphragm is raised by inflating a lower half body "G" suit, the displacement of the air from the mouth with each heart beat increases. These results indicate that the solid mass (blood volume within the thorax) changes during the cardiac cycle. These changes, when timed with the electrocardiogram, show that the thoracic blood volume is largest during late diastole and smallest during late ventricular systole. \Ve have not quantitated the pneumograph to determine the volume displacement of the thoracic cage during the cardiac pulse and hence cannot estimate the absolute change in thoracic blood volume during the cardiac cycle. However, the cardiac pulse recorded by the Krogh spirometer indicates that this volume is at least 5 to 10 ml in the sitting and 10 to 15 ml in the supine posture.
By application of this new N20 method, a large amount of physiological and clinical information on pulmonary capillary blood flow may be obtained. It is especially useful in situations in which repeated measurements of pulmonary blood flow are required in subjects in whom cardiac catheterization, venipuncture, and arterial puncture are undesirable. The major limitation of the method is the necessity for training the subject.
SUM MARY 1. A method is described for measuring instantaneous pulmonary capillary blood flow in man by N20 uptake without the use of the body plethysmograph.
2. The method gives reproducible measurements of stroke volume and cardiac output that agree well over a wide range of cardiac outputs with those obtained by the indicator dilution and direct Fick methods.
3. Pulmonary capillary blood flow in man was found to be pulsatile during the cardiac cycle, as described by Lee and DuBois (6) .
